Objective-To assess heritability and mode of inheritance for hereditary equine regional dermal asthenia (HERDA) in Quarter Horses. Animals-1,295 horses with Quarter Horse bloodlines, including 58 horses affected with HERDA. Procedure-Horses were classified as affected or unaffected or as undetermined when data were insufficient to assess phenotype. Pedigree data were analyzed to determine the probable mode of inheritance. Heritability was estimated by use of Bayesian statistical methods. Results-Heritability (mean ± SD) of HERDA was estimated to be 0.38 ± 0.13, with both sexes having an equal probability of being affected. Results for evaluation of the pedigrees were consistent with a single Mendelian autosomal recessive mode of inheritance.
H ereditary equine regional dermal asthenia (HERDA), initially reported as hyperelastosis cutis, is a skin disease that results in hyperextensible, fragile skin; seromas; hematomas; and scarring in affected horses. The condition was first documented 1 in 2 affected horses that had a common grandsire. It has been described most commonly in Quarter Horses, [1] [2] [3] [4] although clinical cases in a single Arabiancrossbred horse 5 and 6 Appaloosas or Paint horses with Quarter Horse bloodlines 4 have been reported. Clinical signs do not typically appear until horses are approximately 2 years old when they are first being trained for a saddle, although cutaneous trauma may expose the phenotype as early as 6 months of age. Affected horses have a number of characteristic phenotypes related to this disease. Skin appears to slough or pull away from the body easily, and affected skin is fragile and may feel velvety to the touch. 1 Seromas and hematomas have been reported 4 as the most common lesions, along with open wounds, abnormal skin, and scarring. Affected tissues are located predominantly along the dorsum, although lesions can be found in other locations associated with trauma. Owners commonly report slow healing of the affected tissues when there is tearing or blistering. However, in 1 study, 4 multiple affected geldings recovered after castration without complications, suggesting that compromise of the wound healing mechanism may not be ubiquitous in all tissues.
Because of the fact that horses affected with HERDA are not suitable for riding and not ideal candidates to use for breeding, most of them are euthanatized after the condition is diagnosed. Unfortunately for breeders and owners, a considerable amount of time, effort, and money often has been invested in an affected horse by the time the disease is diagnosed. In addition, the heritable nature of the disease in horses is difficult for owners and breeders to recognize because there is only 1 offspring/coupling. Breeders of Quarter Horses are understandably concerned about the possibility of planned matings resulting in affected offspring.
Scientific investigations will help quantify the risks associated with this disease. Heritability analysis and establishing a mode of inheritance for the disease will help breeders make more informed breeding decisions to reduce the incidence of the disease within their blood lines. The objective of the study reported here was to establish HERDA as a heritable disease and to clarify the likely mode of inheritance by examining pedigrees and the relatedness of horses within the Quarter Horse population.
Materials and Methods
Animals-Between 1998 and 2003, information on 58 affected horses (52 Quarter Horses, 2 Appaloosas, and 4 Paint horses with Quarter Horse lineage) that had clinical signs consistent with HERDA was received at the veterinary medical teaching hospital of the University of CaliforniaDavis. Thirty-three of the horses were examined by veterinarians at the University of California-Davis Veterinary Medical Teaching Hospital or coinvestigators at other veterinary schools. The remaining 25 horses were examined by veterinarians in private practice, and only the results of his-tologic examination and data on pedigrees were sent to investigators at the University of California-Davis; for 8 horses, the information was accompanied by photographs of the affected horse. Criteria for diagnosis were based on clinical signs 4, 6 (ie, young horses with well-demarcated areas of fragile and loose skin that were associated with poorly healing ulcers, hematomas, or seromas). Thirty-eight of the 58 affected horses were registered with the American Quarter Horse Association (AQHA).
Three control groups were used to expand the breadth of the heritability analysis. Control group 1 consisted of 46 unaffected half siblings. The half siblings shared a common sire with 5 affected horses in the data set; all 46 horses were registered with the AQHA. Control group 2 consisted of 38 Quarter Horses that were matched on the basis of age with the 38 affected horses registered with the AQHA. To obtain an age-matched control horse, the registry number of an affected horse was determined, a value of 1,000 was added to the registry number, and the sum was used as the registry number of the age-matched control horse. Control group 3 consisted of 12 unaffected horses that were related to affected horses, which helped us to better characterize relationships among horses in the data set.
Performance records from the AQHA were used to classify horses as unaffected or undetermined. We believe the severity of the disease would make it extremely difficult for affected horses to compete or win earnings at cutting, reining, or race events. To minimize the possibility of misclassifying the phenotype for a particular horse, a minimum requirement of participation in 10 performance events or career earnings of ≥ $3,000 was used to declare a horse as unaffected. All horses that did not meet either of these criteria were considered of undetermined disease status.
A spreadsheet was compiled consisting of each horse' s name, sex, sire, dam, and status (affected, unaffected, or undetermined). Identical information was added for each sire and dam for the preceding 3 generations. Ultimately, the data set used for analysis included 1,295 horses. Because of a confidentiality agreement with owners who provided information for their affected horses, it was not feasible to contact the people who owned the ancestors of affected horses to directly assess phenotype.
Threshold model-Given the binary nature of this phenotype (ie, affected vs unaffected) and the relationships among horses with records, we believed the ideal method of analysis was a threshold model. 7 When observing binary values for the skin condition, it was assumed that associated with this observation was a continuous underlying, yet unobservable, variable for each horse in the analysis. This continuous variable, similar to any other continuously distributed phenotype, may be considered as a linear combination of genetic and environmental factors. The subsequent analysis was then directed at estimating the parameters of this unobservable continuous variable.
Specifically, the observation of HERDA could be considered as y ij (y ij = 1 when affected and 0 when clinically normal) for the jth horse (j =1 to 725) of the ith sex (i = 1 for males and 2 for females). Therefore, the algebraic form for the unobservable continuous variable was θ ij = µ + sex i + a j + e ij , where θ ij was an unobservable continuous variate for the jth horse of the ith sex, µ was an unknown constant, sex i was the contribution of the ith sex to the expression of HERDA, a j was the additive genetic contribution of the jth horse, and e ij was an unknown residual. With the unseen combination of genetic and nongenetic effects represented in this model, values of θ ij ≥ 0 would result in an affected horse; values < 0 would result in an unaffected horse. Notice also that sex can be considered as a contributor to the probability of being affected in the model on this underlying unobservable scale.
Both a j and e ij were assumed to be normally distributed random effects, each with a mean of 0 and variance of σ a 2 (ie, the additive genetic variance) and σ e 2 (ie, the residual variance), respectively. The random-horse effect accounts for the additive genetic covariance in the phenotype of related horses and was assumed to be multivariately normally distributed, with a covariance structure based on the additive relationships among all 1,295 horses. 8 In addition, this value can be considered as a horse's genetic risk for expression of HERDA, with larger values being an indication of a horse with a higher risk of being affected by the disorder or of passing the condition on to its offspring. Naturally, this assumption of a continuous genetic contribution to HERDA risk implies a polygenic model of inheritance. If in fact the inheritance of this disorder is best explained by a single-locus model, the estimate of heritability can still be used to establish the mode of inheritance. 7 Because the underlying scale was unobservable, we assumed that the total variance (σ σ y 2 ) was calculated as follows: σ y 2 = σ a 2 + σ e 2 , with σ e 2 equal to 1.0 with no loss of generality.
9-11 Accordingly, the equation to determine heritability of HERDA on the unobservable continuous scale was calculated as follows:
where h 2 was heritability.
Bayesian analysis-Fitting a threshold model can be a computationally challenging process because there are few widely available software packages that can facilitate such an approach. Because of its statistical analytical power, we chose a mixed-Bayesian analysis model 11 to arrive at estimates of σ a 2 and σ e 2 as well as to provide an assessment of the contribution of sex to HERDA. The objective of Bayesian analysis is the computation of the posterior density of unknown parameters. The posterior density is computed through Gibbs sampling, 12 which is the iterative generation of a sequence of random variables from the known conditional distributions of the parameters given the likelihood function of the data. Subsequent estimates of the unknown parameters are found in the analysis of this sequence of random numbers, called the Gibbs sample. Computationally intensive, this process greatly simplifies the evaluation of Bayesian models and has become the method of choice for many problems of genetics and statistics.
A total of 275,000 samples of possible heritability, as well as contrasts between sex effects, were generated. Subsequently, the first 25,000 samples were discarded (termed the burn-in period) and every 25th iteration was saved to create the Gibbs sample used for estimating these unknown parameters. Thus, there was a total of 10,000 sample observations ([275,000 -25,000]/25 = 10,000). In other words, use of this method does not arrive at a simple point estimate of heritability or sex differences; rather, it generates a sample of 10,000 observations from a distribution of possible parameter estimates. With this sample, the mean, median, confidence intervals (Ci), or any other statistic necessary can be computed. This Bayesian process, also called MonteCarlo Markov chains, was conducted by use of a publicdomain computer program. 13,a Notice that the data set contained 1,295 horses. However, only 725 had observed HERDA phenotypes of affected or unaffected. The remaining 570 horses were included as related horses with undetermined phenotypes. The value of these horses was to permit computation of accurate pedigrees. The aforementioned heritability analysis made use of the matrix of numerator relationships, 8 which is a table of all known additive relationships including the inbreeding coefficients for all 1,295 horses.
Calculation of carrier frequency and heritabilityCarrier frequency was derived specifically for the population of mares being bred to stallions that were carriers for the trait. Assuming an autosomal recessive mode of inheritance, stallions that sired affected and unaffected offspring were assigned a heterozygous phenotype (ie, Bb). Because only half of the offspring of a carrier stallion receive a recessive allele, the ratio of affected horses to half the number of offspring defined carrier frequency for the population of mares contributing to these breeding programs.
Based on carrier frequency, the allele frequency for both alleles (B and b) was calculated for the population of mares bred to carrier stallions. A second value of narrow sense heritability can be derived by modeling a recessive-inherited disease with inferred allele frequencies.
14 Values of additive and dominance deviation variances were calculated and subsequently used to derive an independent value of heritability by use of the following equation:
where σ d 2 was the variance of dominance deviation. The value for σ a 2 was derived as follows:
where p was the frequency of the dominant allele B, q was the frequency of the recessive allele b, and a and d were arbitrary genotypic values associated with the homozygous dominant (ie, BB) and heterozygous (ie, Bb) genotypes, respectively. Finally, the value for σ d 2 was calculated as follows:
When applying a recessive model to this calculation of heritability, a was equal to d because homozygous dominant and heterozygous horses were phenotypically indistinguishable. Accordingly, all terms of a and d drop out of the calculation and heritability is solely a function of allele frequencies when this approach is used.
Results
Values for the additive genetic variance, the heritability, and the estimate of the difference in prevalence of HERDA between females and males were determined. Mean ± SD additive genetic variance was 0.74 ± 0.60 (median, 0.58; 95% CI, 0.22 to 2.36). Mean heritability was 0.38 ± 0.13 (median, 0.37; 95% CI, 0.18 to 0.70).
Of the 58 horses with verified HERDA phenotypes, 29 were female and 29 were male. Heritability analysis revealed the mean estimate of the difference in prevalence of HERDA between males and females was 0.20 ± 0.21 (median, 0.19; 95% CI, -0.20 to 0.62). A 95% CI that includes a value of 0 indicated that sex did not play a role in the heritability of HERDA. Analysis of these data excluded an X-linked mode of inheritance for the disease.
Full pedigrees were available for 52 of 58 affected horses (the pedigree of 1 affected horse was complete except that parentage of the maternal granddam was unknown, 1 affected horse had only the sire' s pedigree, and 4 owners supplied blood samples or biopsy specimens for use in another study without disclosing any pedigree information). Pedigree analysis revealed that all 52 affected horses with full pedigrees were related to a particular stallion on both sides of their pedigree within the last 4 to 8 generations (Figure 1) .
Examination of the parents of the 58 affected horses revealed that 1 stallion (identified as stallion X) sired 5 affected offspring with 5 separate mares. In addition, 2 stallions sired 3 affected offspring with 3 separate mares, 2 other stallions sired 2 affected offspring with 2 separate mares, and 1 mare gave birth to 2 affected offspring that resulted from matings with 2 separate stallions. All other affected horses were offspring from horses not known to have produced an affected horse. Twelve of the 58 affected horses were a product of 2 unaffected horses with extensive performance records. The remaining 46 horses had at least 1 parent whose disease status could not be ascertained by use of the AQHA performance record database. On the basis of the clinical signs of the disease at a mean age of 2 years and severity of the phenotype, the 12 sets of performance horses that produced affected offspring exclude a simple autosomal dominant mode of inheritance. Additionally, based on the proportion of affected offspring being produced by unaffected stallions (49 confirmed affected horses out of 5,328 offspring), an autosomal dominant mode of inheritance with incomplete penetrance should be ruled out.
Thirty-nine stallions that sired affected offspring had AQHA sire records that were used to determine the number of foals they sired during their lives. These 39 stallions sired 5,328 foals, at least 49 of which were affected and included in this study. From this data, the minimal carrier frequency of the HERDA mutation among the subpopulation of mares bred to these stallions was estimated at 1.84%. In the case of stallion X (> 200 offspring), the estimated carrier frequency of mares bred to this stallion was 6.45%.
Allele frequency can be inferred for b and B from the number of affected horses (ie, bb) produced in these 2 analyses. These allele frequencies are only valid in the context of the families reviewed and are not necessarily representative of the Quarter Horse population at large. However, the allele frequencies can be used to calculate heritability in the narrow sense and confirm whether estimates of heritability from pedigree analysis were in agreement with an autosomal recessive model of disease. For the large data set of 5,328 foals (representing 39 stallions in our data set), a heritability calculation of 0.18 was obtained. Heritability was 0.30 for offspring of stallion X.
Calculation of each horse' s inbreeding coefficient originated from the data set of 1,295 horses that included 3 generations of ancestors of the affected and control horses. Of the 52 affected horses with full pedigrees, 30 had inbreeding loops that led to a calculated inbreeding coefficient > 0. Values of the inbreeding coefficient for these 30 horses ranged from 0.25 (mare bred to her sire) to 0.008. The other 22 affected horses, although related to a particular stallion within the last 4 to 8 generations on both sides of their pedigrees, had calculated inbreeding coefficients of 0 because the data set only included the last 3 generations. Mean inbreeding coefficient for these 52 horses was 0.0261. In comparison, only 6 of 38 control horses with full pedigrees had inbreeding coefficients > 0, with a mean inbreeding coefficient of 0.0066. The HERDA-affected horses had a 4-fold higher mean inbreeding coefficient, compared with the inbreeding coefficient for the control horses.
Discussion
Genetic analysis is rarely as straightforward as the canonical examples that appear in textbooks, and depending on the organism being studied, complications abound. The fundamental objectives of the study described here were to report on the measured heritability of HERDA and to exclude modes of inheritance by examining pedigrees and the relatedness of horses in which the disease status was determined. The estimation of heritability is intended only as a means of establishing the inheritance of HERDA (ie, we wanted to determine whether affected horses were more likely to have affected related horses, compared with unaffected horses). The estimated value of 0.38 is a strong indication that inheritance plays a substantial role in the prevalence of this disease. With the establishment of inheritance as a factor in a condition or disease, it is natural to look at the mode of inheritance and investigate the potential of single-locus or major-gene models. In doing so, analysis of the evidence suggests that the simplest and most probable mode of inheritance for the disease was autosomal recessive.
The simplest way of assessing mode of inheritance is to conduct a mating between 2 appropriate horses and phenotype the offspring. With sufficient numbers of offspring, segregation patterns can be observed and fit to genetic models. One or 2 loci can be relatively easily understood in this context, provided there are sufficient offspring from matings. In equine genetics, long generational times and a single offspring per coupling make this method of determining mode of inheritance impractical and financially prohibitive.
During the time period in which these HERDA data were collected, nearly 875,000 Quarter Horses were registered with the AQHA. Certainly, the frequency of HERDA among Quarter Horses registered with the AQHA would classify the disease as relatively rare; therefore, various methods of assessing heritability must be used. Few clinical reports on horses with HERDA have been published during the past 30 years, and relatively little pedigree information can be obtained from that literature. However, the data set reported here includes affected horses confirmed within the past 5 years by veterinarians who used a single set of standards for establishing a diagnosis. To our knowledge, the study reported here represents the first statistical measurement of the heritable nature of this disease.
Quarter Horses represent a large and diverse breed, and it is difficult to control for many of the genetic variables in this population. A relatively small number of foundation horses were used to establish the breed, and most modern Quarter Horses can identify 1 or more of these horses in their pedigrees. In addition, selection has been used quite successfully to generate such distinct subpopulations as Quarter Horses used for reining-cutting, halter events, and racing. Therefore, many of the assumptions associated with classical genetic analysis, such as random mating of an outbred population and Hardy-Weinberg equilibrium, cannot be faithfully relied on when determining the genetic basis of the disease. Popular stallions that have sired hundreds and perhaps thousands of foals con-tribute disproportionately to the gamete pool and can have profound effects in altering the gene frequency over time. This point is not always appreciated and can cause contentious disagreement when explaining transmission of a disease. In situations in which a genetic test or clearly defined, closely-linked marker for the disease is available, such issues can be described and modeled given that sufficient samples from horses in the pedigree can be obtained. However, at the current stage of HERDA research and without samples from many horses in these pedigrees, conclusive determination of how a gene was transmitted will remain elusive.
A primary objective for the study reported here was the estimation of the narrow sense heritability for this skin disorder. The purpose of this task is to establish and quantify inheritance. Narrow sense heritability provides the framework for prediction of the response to selection and is also used as a means of establishing the inheritance of traits from parent to offspring. 7 The assumption of a polygenic mode of inheritance, often a component of heritability estimation, serves as the null hypothesis for the inheritance of HERDA. Scaled from 0 to 1, narrow sense heritability quantifies the correlation of parental and offspring phenotypes. When the patterns of affected and unaffected horses quantified in the estimation of heritability warrant the conclusion of an inherited disease, subsequent analyses can be considered that establish more-specific modes of inheritance (eg, single-locus models).
Reproductive traits typically have lower heritability (0.05 to 0.10), whereas structural genes represent some of the higher calculated heritability values (0.4 to 0.6). Mode of inheritance cannot be directly inferred from the value of narrow sense heritability. Instead, it is a method of statistically confirming that an anonymous genetic component is heritable and related to the observed phenotype. An estimated value of heritability of 0.38 ± 0.13 is consistent with a heritable locus.
Calculation of carrier frequency is a precarious undertaking, particularly in relation to the Quarter Horse population at large. The larger the number of horses considered, the closer the calculation should reflect real-world values, assuming that all affected horses are properly detected in the data set. The larger data set used to calculate carrier frequency, of which we were likely not aware of all affected horses, suggests a carrier frequency of 1.84%. The smaller family centered around stallion X, in which we have higher confidence that we detected all affected horses, predicts a carrier frequency of 6.45%. Again, it should be emphasized that these values are representative of a subset of Quarter Horses and cannot be easily extrapolated to the entire population. Because of the selection process, other subpopulations may appear to deviate substantially from this value, as evidenced by the lack of production of affected horses. This does not refute the behavior of the gene (ie, mode of inheritance) in the HERDA subpopulation, but instead suggests that transmission of the allele simply did not extend to other subpopulations.
Calculated heritability based on carrier frequency of mares bred to stallion X was in good statistical agreement with the value determined by pedigree analysis (0.30 vs 0.38). Fifty-one offspring, including affected and unaffected horses, were represented in the data set and explain the reason that values of heritability coincided well. As for the larger data set yielding a distinctly smaller heritability (0.18 vs 0.38), the best explanation is an incomplete accounting of all affected offspring. By increasing the number of affected horses while holding constant the number of offspring, inferred allele frequency increases and causes calculated heritability to approach that estimated by pedigree analysis. Both calculations of heritability, which were inferred from the allele frequency of mares bred to carrier stallions, support the conclusion that HERDA is heritable and are consistent with an autosomal recessive mode of inheritance. Obviously, this exercise by itself does not prove that HERDA is under the control of a single recessive locus. However, the finding is consistent with a simple-recessive model applied to the data we assembled.
The calculation of inbreeding coefficients relies on the establishment of a base population of a group of horses assumed not to be inbred and that are unrelated to each other. Accordingly, our values for inbreeding may be lower than that which would have been computed had we used additional information for more distant ancestors in the pedigrees of the horses. Inbreeding coefficients were calculated for HERDA horses and age-matched control horses to assess whether inbreeding correlated with a higher incidence of the disease. In an outbred, random mating population under Hardy-Weinberg equilibrium, the chance that an allele at any given locus is transmitted to an offspring by both parents, thus making it homozygous for the allele, is equivalent to the square of the allele frequency. When there is inbreeding, the probability that the same allele is transmitted to an offspring by both parents is substantially increased over that in an outbred, random-mating population. The smaller the inbreeding loop, the higher the inbreeding coefficient and the higher the probability that there will be identity by descent at any locus in the offspring.
It should be clarified that inbreeding coefficients were not used in the study reported here to identify or suggest a progenitor of the disease allele. Instead, we were simply drawing attention to the fact that inbreeding exposes recessive-inherited diseases. The more often an owner inbreeds horses, the higher the probability of bringing together recessive alleles. Affected horses in our data set had values for inbreeding coefficients as high as 0.25 (ie, a mare bred to her sire) and as low as 0.00024 (a horse that although technically inbred would hardly be considered as such for most breeder' s purposes). A correlation between increased inbreeding coefficients and incidence of disease is further evidence of an autosomal recessive mode of inheritance.
The relatedness of all HERDA horses with full pedigrees in our data set was illustrated (Figure 1) , although it was not exhaustive in revealing all relationships among horses. To our knowledge, there are no software programs that can handle this complex inbred pedigree structure and reasonably convey the relationships in a clear, concise manner. Therefore, this partial pedigree was constructed to document the shortest, and therefore most probable, path that linked all affected horses to a common ancestor on both the maternal and paternal sides. This suggests a clearer age of the mutation but not necessarily the true transmission path of the allele. On the basis of the Quarter Horse population structure, it would be natural to predict that the closest common ancestor would be a popular sire. However, it must be emphasized that aside from horses that produced affected offspring, it should not be assumed that the horses represented in the pedigree were obligate carriers. Until a genetic test becomes available to assay carrier status for ancestors in the pedigree of the affected horses, this common-ancestor analysis is primarily informative for establishing a minimal age of the mutation.
The analysis reported for this study confirmed that HERDA is an inherited disease. Although proof of heritability is often taken for granted when sample sizes are large and segregation patterns are unambiguous, it was important to analyze HERDA and confirm heritability before beginning additional studies to identify the locus that causes the disease. Single autosomal dominant or X-linked modes of inheritance have been excluded. We were not able to exclude a polygenic basis for HERDA, but an autosomal recessive model of disease was consistent with our estimates of heritability.
As the focus turns to identifying the gene responsible for HERDA, human diseases can shed light on likely candidate genes and pathways that may hold the key to this equine disease. The disease Ehlers-Danlos syndrome (EDS) in humans shares a number of phenotypic similarities to HERDA and provides some insight into potential causes of the disease. Although clinical signs of EDS are not entirely equivalent to those of HERDA, the major phenotypes of skin hyperextensibility and tissue fragility suggest a common molecular basis. Ehlers-Danlos syndrome has been broken down into > 10 subtypes, and a study 15 in humans has identified a number of genes related to connective tissue and extracellular matrix that are defective in affected people. Mutations in collagens I, III, and IV, as well as lysyl hydroxylase and tenascin-X, have been identified in humans with EDS and may provide clues to the eventual identification of the genetic basis of HERDA. 15, 16 For those making breeding decisions involving Quarter Horses with regard to HERDA, an autosomal recessive mode of inheritance can be used as a model. Breeding an affected horse will transmit the disease allele to the next generation. Additionally, when an unaffected parent of an affected horse is bred, there is a 50% chance of passing on the defective allele associated with HERDA to the offspring. Consequently, repeat mating of 2 unaffected horses that have produced an affected offspring in the past will result in a 25% chance of producing another affected offspring and should be avoided. If the assumption of a simple autosomal recessive mode of inheritance is incorrect and this disease has a polygenic inheritance pattern, affected horses and parents of affected horses will still have an increased chance of producing affected progeny. Because the carrier frequency appears relatively low (approx 2% to 7%), even in Quarter Horse subpopulations with the highest incidence of disease, future selection strategies should be able to reverse the prevalence of the disease allele once a definitive molecular test can identify carriers of the disease.
